Most natural and man-made surfaces appear to be rough on many length scales. There is presently no unifying theory of the origin of roughness or the self-affine nature of surface topography.
adhesion, 9 conductance, 11 and other functional properties.
In this Letter, we report molecular dynamics (MD) calculations of simple biaxial compression for three benchmark material systems: single-crystal Au, the model high-entropy alloy Ni 36.67 Co 30 Fe 16.67 Ti 16.67 , and amorphous Cu 50 Zr 50 . Each system is known to exhibit a different micromechanical or molecular mechanism of deformation, and we study the ensuing atomic-scale changes both within the bulk of the system and the emerging rough surfaces during the applied compression (see Fig. 1a and Methods). The systems initially consist of cubic volume elements with lateral length L ≈ 100 nm, and each material represents a unique limit of structural order: a homogeneous crystal, a crystal with stoichiometric disorder, and a glass with no long-range order. Despite their differences in structure and material properties, all three systems develop rough surfaces when biaxially compressed as shown in The stress-strain response of our systems during this process is typical ( the yield stress is much larger than the stress at which they flow. 22 The amorphous system shear-softens as is typical for metallic glasses.
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Ideal self-affine roughness is characterized by statistical scale-invariance. 12 Following a classical procedure, 24 we subdivide our surfaces into checkerboard patterns of squares with length L/ζ and compute the height distribution functions φ ζ (h; ε) for different magnifications ζ as the mean over all squares (see Methods). The surface is statistically self-affine, if the height distribution at magnification ζ corresponds to the one at ζ = 1 but with all Figure 3a shows the root mean square height h rms (the standard deviation of φ ζ ) namely h rms,ζ (ε) = dh h 2 φ ζ (h; ε) 1/2 , at particular magnifications. It scales as h rms,ζ ∝ ζ −H and the data sets for different ε collapse if h rms,ζ is normalized by ε 1/2 . The self-affine scaling and collapse with ε 1/2 also holds for Au and CuZr (Supplementary Material, Figs. S-1 and S-2). We believe that the scaling h rms,ζ (ε) ∝ ε 1/2 is the signature of an emerging surface roughness that is uncorrelated in strain. A detailed discussion on the underlying atomic-scale mechanisms and arguments for this scaling behavior can found in Supplementary Section S-I.
Applying this analysis to individual snapshots during the deformation allows us to follow the evolution of H with ε (Fig. 2b) . In the elastic regime, the surfaces are not self-affine. This is manifested in an h rms,ζ that is independent of magnification ζ, leading to a Hurst exponent H = 0 (Fig. 3a) . The Hurst exponent jumps to a value around H ∼ 0.5 for Au and NiCoFeTi 2, 4, 8, 16 Magnification ζ Root mean square height h Fig. S-3 These results show that H varies only weakly as the material flows. This encourages us to attempt a collapse of the full height distribution
for different ζ and ε onto a universal scaling function f (x) with a constant Hurst exponent H and length-scale a h . We further recognize that the surface topography h(x, y) is simply the normal component of the displacement field u(x, y, z) evaluated at the surface, h(x, y) ≡ u z (x, y, z = 0). This raises the question as to whether the self-affine structure is a signature of the deformation within the bulk itself. To address this question we carry out identical scaling analyses on the bulk displacement field in the center of the simulation box, away from the surface (see Methods). In this now three-dimensional "topography", the magnification ζ refers to a cubic discretization of space (inset to Fig. 3c ). For NiCoFeTi (Fig. 3c) , Au ( Fig. S-1c) , and CuZr ( Fig. S-2c ), and we indeed find a self-affine displacement field. Similar to the topography analyses, the full scale-dependent distributions of the z-component of the displacement can be collapsed onto a single scaling function, which can be approximated by the standard normal distribution (Figs. 3d, S-3d and S-2d). Unlike the topography, the root mean square fluctuation of u z scales as ε (see Supplementary Section S-I for a discussion). The Hurst 6 exponents extracted from the subsurface and the surface are identical for NiCoFeTi and Au (Fig. 2c) . For CuZr, we find a smaller Hurst exponent in the subsurface region which we attribute to self-diffusion within the glass that is driven by the applied strain 28 but absent in crystals. Bulk and surface diffusion is likely also the reason for the strong temperature dependence of H in the amorphous system. Further work is necessary to quantitatively describe the influence of diffusion on the fractal nature of the topography and displacement field.
We note that the occurrence of a self-affine geometry in the displacement field is compat- and we find values in this range for molecular dynamics simulations of deformed crystals and bulk metallic glasses at low temperature. Since all our calculations are carried out on homogeneous systems without internal regions over which homogeneity is broken, such as grains or precipitates, our calculations clearly demonstrate that material heterogeneity is not a necessary prerequisite for the emergence of self-affine roughness. While heterogeneity, such as crystalline grains, does affect how materials accomodate deformation, [16] [17] [18] [19] our results explain why self-affine roughness is found to extend to subgrain scales.
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The results of this work shed light on the origin of self-affine surface roughness and its connection to deformation by systematically studying atomistic calculations of homogeneous solids with varying degrees of disorder. Our approach, using molecular dynamics to probe the evolving material surfaces, allows examination of the evolution of the Hurst exponent throughout the entire process of deformation, not only at free surfaces but anywhere within the material. In particular, we present quantitative evidence that self-affine surface roughening is linked to the statistical mechanics of deformation and derive scaling expressions that describe the evolution of self-affine roughness with strain in terms of just two parameters, the Hurst exponent and an internal length scale. Our results pave the way for a thorough understanding and control of surface roughness created in a variety of processes, such as machining or wear. contains 58 million atoms, the Au system 60 million, and the NiCoFeTi system 83 million.
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Atoms interact via embedded atom method (EAM) potentials in all three cases: Grochola et al. 36 for Au, Zhou et al. 37 for NiCoFeTi, and Cheng et al. 38 for CuZr. Both the amorphous and crystalline systems are subjected to the same biaxial compression protocol: We apply a constant strain rateε xx =ε yy = −10 8 s −1 by uniformly shrinking dimensions of the simulation box along the x and y directions. To eliminate artifacts during compression that can occur for large systems in molecular dynamics, we ramp the strain rate smoothly to the final rate over a time interval of 100 ps and employ a momentum conserving thermostat (Dissipative Particle Dynamics, e.g. Ref. 40 ) with a relaxation time constant of roughly 1 ps. Unless otherwise noted, simulations are carried out at a temperature of 100 K.
To extract the profile of the rough surface h(x, y), we subdivide the surface into quadratic bins of linear size d. The height h within each bin is the z-position of the top-most atom.
We systematically check the influence of d which must be larger than the nearest-neighbor spacing between atoms. All calculations are analyzed with d = 3Å. For the subsequent scaling analysis, we subdivide h(x, y) into regular square cells of size L/ζ (inset to Fig. 3a) and tilt-correct through affine deformation the rough profile within each cell individually before computing the full height distribution function and the rms height within each cell.
The final distribution function φ ζ (h) and rms height h rms (L/ζ) is computed as the mean over all cells.
The non-affine part of the displacement in the bulk for each atom i at strain ε is obtained compression by ε will hence give rise to N = Lε/∆ steps on the surface.
We now regard two limits of this process: In limit A, these steps occur at random positions on the surface. The surface profile then constitutes a random walk (and the Hurst exponent would be 0.5). Because the surface remains nominally flat, the walk needs to be selfreturning. This happens either due to lattice rotation or because the stress introduced at the surface when creating a single step makes it more likely that the next step is in the opposite direction. A generalization of process A is the sum of N realizations of a random surface with a given
Hurst exponent H. This leads to a progression of surfaces with h rms ∝ N 1/2 , independent of H. Process B is the sum of N identical realizations of a random surface which would trivially lead to h rms ∝ N .
We observe for the surface h rms ∝ ε 1/2 (process A) and for the bulk u rms ∝ ε (process B). This appears to indicate that the surface and bulk processes discussed here are two limiting scenarios where the surface behaves close to the former and the bulk close to the latter. We believe the reason that the surface behaves differently lies in the fact that it moves perpendicular to the surface normal as the system is deformed. A progression of dislocations nucleating on identical slip systems and positions within the bulk therefore leave the surface at different locations. For CuZr, the process of accommodating deformation is different and this is manifested in smaller values for a h and a z , yet the same scaling with ε. Further work is necessary to quantify the exact nature of the processes described here and derive a model for amorphous materials. 
